Abstract Ca indicator dye arsenazo III (AZ III) was injected into Xenopus skeletal muscle fibers. AZ III Ca-transients (AZ III signals) responding to the electrical stimulation of the fibers were measured by a pair of photomultipliers at 651-721 nm. In the standard Ringer solution at 22-23°C, the latency of the AZ III signal (T1), the time from the onset of signal to the peak (T2), and the half decay time (T3) were 1.5, 3.9, and 16.6 msec, respectively. The falling phase of the signal was fitted to the exponential curve. The effects of repetitive stimulation with frequency of 10, 20, and 30/sec were investigated. The AZ III signal at 30/sec showed obvious summation. Prolongation of the falling phase with an increase in stimulating pulses or in stimulus frequency was always observed. In the solution which contained twitch potentiators such as NO3-, Zn2+, and caffeine, the peak of the AZ III signal showed a 10-50 % increase and T1, T2, and T3 were increased by 20-100%. The falling phase of the AZ III signal was convex on the logarithmic scale in NO3 or Zn solution, and fitted to the exponential curve in caffeine solution. The factors which determined the falling phase are discussed.
light intensity to AZ III concentration was drawn. This reference curve was provided to estimate intracellular AZ III concentration after injection.
Optical recording. A pair of photomultipliers (Hamamatsu Photonics, R1463) attached to the eyepiece tube of the inverted microscope were used for measurement of transmitted light intensity of the muscle fiber. Figure 1 shows the arrangement of the experimental apparatus. Light from a 100W halogen lamp was passed through the slit (50 x 200 tim), the long working distance condenser, the muscle fiber, and the objective lens. The transmitted light was switched for either viewing through the eyepiece or measurement of light intensity. The light beam for measurement was divided by beam splitters onto two photomultipliers. A pair of interference filters (Vacuum Optics Corp. of Japan, half peak bandwidths 10 nm) transmitting wavelengths of 651 and 721 nm were placed in front of each of the photomultipliers. Then, the absorbance changes at these two wavelengths were detected. In an earlier experiment we used a pair of interference filters of 534 and of 604 nm. BAYLOR et al. (1982c) , however, stated that the AZ III signal was distorted by a dichroic component at these wavelengths. According to them, the wavelengths which were independent of dichroism were 650-660 nm. In the present experiment, therefore, one of the wavelengths used was 651 nm, at which a large absorbance decrease was shown when the formation of Ca-AZ III complexes took place. Another wavelength was 721 nm, at which no absorbance change took place by the formation of Ca-AZ III complexes. Differential recording at these wavelengths would ideally cancel the movement. The current output from the photomultiplier was converted into the voltage output (Burr-Brown, OPA104AM), and this voltage output was displayed on the cathode Vol. 34, No. 5, 1984 ray oscilloscope (Nihon Kohden, VC-9) through the low pass filter of cutoff frequency 1 kHz (NF Electr. Inst., 6BL-DC, Tokyo). Simultaneously, the voltage output was connected to the transient memory (Kawasaki Electronica, TM-1410) and recorded on a chart recorder (NEC San-ei Inst., 8K31). If necessary, the averager (Kawasaki Electronica, TMC-300) was used. The muscle was intracellulary stimulated through the AZ III electrode with the rectangular pulse of 2.0 msec duration and 2 x suprathreshold strength. The optical noise was unavoidable because the AZ III signal was small and the anode current change of the photomultiplier was at most 108 A. Although the low pass filter was helpful in the exclusion of optical noise, it distorted the time course of the AZ III signal. The overall electrical circuit had a time constant of 1.6 msec and was accompanied by a delay time of 0.27 msec. This delay was sufficiently short compared with the falling phase of the AZ III signal, but more or less distorted the time course of the rising phase of the signal. The latency was measured after subtracting 0.27 msec from the actual recordings, but other time parameters were measured without any correction.
In this paper, the AZ III signals were expressed in terms of absorbance change 4A, calculated from the following equations (1) and (2).
I where A is the absorbance and Io and I are the transmitted light intensities of the fiber before and after injection of AZ III, respectively. For a small change in I,
where 41 is the change in the transmitted light intensity of the AZ III signal.
RESULTS

Effects of twitch potentiators
It is well known that N03-, Zn2+, and caffeine potentiate the twitch (KAHN and SANDOW, 1955; SANDOW, 1973) . The effects of these twitch potentiators on the peak amplitude and time courses were investigated. The time parameters measured are. as follows : the latency of the AZ III signal, T1; the time from the onset of the signal to the peak, T2; and the half decay time, T3. As will be described later, the decay time course could be fitted to the exponential curve in the standard Ringer solution but it was nearly linear in N03 or Zn solution. Therefore, half decay time was taken instead of time constant to indicate the decay time. Figure  2 shows the AZ III signals in standard and in N03 Ringer solutions. In Fig. 2A , the AZ III signal evoked by single stimulation in standard Ringer solution is shown. In the series of N03 experiments, the averages of T1, T2, and T3 in stan-lard Ringer solution were 1.5, 3.9, and 16.6 msec, respectively. Between A and B, standard Ringer solution in the muscle chamber was replaced with NO3 solution. One minute after complete replacement, the peak of the AZ III signal showed a 30% increase (Fig. 2B ), but it decreased progressively with time ( Fig. 2C, D) . If standard Ringer solution was restored, the amplitude was smaller than the initial one. It was thought that injected AZ III diffused away and its concentration within a region of measurement decreased. This was a consistent finding, and the result in Fig. 2 showed a 32% decrease in 12 min. When comparing the AZ III signal obtained first in Ringer solution with the largest signal obtained in NO3 solution, it was found that T1 and T3 were increased by NO3-to 2.2 and 6.3 msec. The falling phase was prolonged and T3 was measured to be 22.3 msec. An interesting finding was that the AZ III signal at the peak showed a short plateau in NO3 solution in contrast to the sharp peak in standard Ringer solution. Changes in the peak amplitude and the falling phase in the AZ III signals measured on 3 fibers are illustrated in Fig. 3 . The amplitude of the AZ III signal increased to 120-130% in NO3 solution, but the extent of increase was far smaller than that in aequorin experiment reported by LOPEZ et al. (1981) . The half decay time also increased to 22.3 msec. Namely, in N03 solution, both the amplitude and the half decay time of the AZ III signal were increased by around 30 %. Furthermore, it was observed frequently that the falling phase of the AZ III signal in N03 solution showed convex on the logarithmic scale, although it was well fitted to an exponential curve in standard Ringer solution.
A very small amount of Zn2+ also potentiated the twitch. The effect of 40
,uM ZnCl2 on the AZ III signal is shown in Fig. 4 . Fig. 4A shows the AZ III signal in standard Ringer solution, where T1, T2, and T3 were 1.3, 4.8, and 13 msec, respectively. Contrary to the rapid onset of N03 action, the Zn action took place rather slowly. After exchange of the external solution from standard Ringer solution to Zn solution, the peak amplitude of the AZ III signal increased by 38, 57, and 52% in 3, 5, and 7 min (Fig. 4) . The AZ III signal was also prolonged so that T2 and T3 were 6.4 and 23 msec, whereas Tl was little changed. It was reported that Zn action potential or twitch tension developed slowly and it took 1 min for the Zn action to attain the maximum when examined for a single fiber (STANFIELD, 1973) , or 7 min examined for the toe muscle (SANDOW and IsAACSON, 1966) . In the present study, the muscle preparation was a single layer of a few fibers and the solution was not exchanged rapidly. Therefore, the time course of Zn action on the AZ III signal obtained here is considered to be comparable to slow development of Zn action on the action potential and twitch tension. Since the action of Zn2+ was slow, the increase in the amplitude would be larger than the obtained value because it represents the sum of two opposing effects, that is, the decrease in the peak amplitude due to the diffusion of the dye and the increase in the peak amplitude due to the effect of Zn. Therefore, the extent of the increase above described would be underestimated. Similar to the findings in NO3 solution, the plateau appeared at the peak of the AZ III signal in Zn solution (Fig. 4D) . Consequently, the initial part of the falling phase did not always fit the exponential curve. Caffeine at low concentration increases twitch without producing contracture. The AZ III signal in 0.9 mM caffeine solution is shown in Fig. 5 . Although the amplitude of the AZ III signal increased only a little, the falling phase showed remarkable prolongation and outlasted the end of the record. Changes of the peak amplitude and the falling phase in the AZ III signals for 3 fibers are illustrated in Fig. 6 , which shows increase in amplitude by 10-40 % and 1'3 by 20-100%.
Effects of repetitive stimulation
The effects of repetitive stimulation of 2-9 pulses with different frequencies on the summation of the AZ III signals and on the changes in the falling phase were investigated. Figure 7 shows the AZ III signals responding to repetitive stimulation with frequency of 10, 20, and 30/sec. At the frequency of 20 and 30/sec, the amplitude of the AZ III signal responding to the first stimulus was always larger than the second and those that following (the descending staircase). At 10/sec, the AZ III signal did not show the summation, and the peak amplitude of the 9th signal was nearly the same as that of the first one. The AZ III signal responding to 20/sec stimulus showed slight summation within 9 stimulating pulses. In Fig.  7Bd , the AZ III signal showed an initial decrease in peak amplitude which turned into a slight increase up to 120% of the first peak. The AZ III signal at 30/sec showed obvious summation and attained a steady level in 9 stimulating pulses with peak amplitude of 2.2 times that of the first stimulus. Prolongation of the falling phase with an increase in stimulating pulses was always observed at 10, 20, and 30/sec. At the same stimulating pulses, prolongation of the falling phase increased with an increase in the stimulus frequency (Fig. 8B) .
DISCUSSION
The time course of the AZ III signals in Xenopus skeletal muscle evoked by a single stimulation and the effect of NO3-on the signals were previously reported (OcHI and MATSUMURA, 1984) . In the present experiment, the measurements were at the wavelengths of 651-721 nm so that the errors caused by the dichroic action of the dye and by the changes in myoplasmic pMg and pH (BAYLOR et al., 1982a , b, c) might be excluded. Furthermore, the S/N ratio was much improved since the narrow slit was used instead of a pinhole and the signals were led from the wide portion. This enabled us to measure the effects of twitch potentiators in the same fiber without averaging several signals, which saved time spent for the Rise time of the AZ III signals and twitch potentiators. The AZ III signals recorded here are still too noisy to analyze exactly the latency on the rising phase. Moreover, as is described in METHODS section, the latency of the AZ III signal contains the delay time of 0.27 msec in the electrical filter circuit. But, some of the findings seems to be noteworthy. As is well known, N03-augments and prolongs the afterpotential and lowers mechanical threshold potential (HUTTER and PADsHA, 1959; MASHIMA and MATSUMURA, 1962) , or the threshold potential for Ca2+ to be released from the terminal cisternae of the s.r. Therefore, it is expected that the latency is shortened by N03-. To the contrary, the latency is observed to be lengthened by several tenths of miliseconds. Regarding the inward spread of activation, BASTIAN and NAKAJIMA (1974) proved that the action potential propagates along the tubular membrane of Xenopus skeletal muscle. Thus, it may be possible to explain that the propagation velocity along the tubular membrane is decreased by N03-because of the increase in membrane resistance of the tubular membrane as well as surface membrane (HUTTER and PADsHA, 1959) . Caffeine, at low concentrations, slows the rising phase of the AZ III signals. It may be interesting to compare this finding with the result of PoLEDNA and MoRAD (1983) that caffeine delays and slows the rising phase of the birefringence change which is regarded to be closely related to Ca release from s.r. Although it is only speculation, caffeine may have dual effects, it enhancing Ca release from s.r. but suppressing Ca release induced by electrical stimulation.
Amplitude of the AZ III signals and twitch potentiators. N03-increases the amplitude of the AZ III signal. Quantitatively, however, the extent of the increase in the signal amplitude obtained in the present work was much lower than that reported by LoPEZ et al. (1981) , who reported a 4-5-fold increase in aequorin signal during tetanus. There are possible explanations for this difference, although the AZ III signal was examined following a single stimulation in the present work but following tetanic stimulation in the work of Lopez et al. The first reason for the difference involves the sarcomere length. Our measurement is made in highly stretched muscle fibers of 4.0-4.3 um sarcomere length. BLINKS et al. (1978) indicated that the aequorin signal decreased to 30-70 % of that at resting sarcomere length when sarcomere was stretched to 3.6 ,gym. BAYLOR et al. (1983) also showed an 80 % decrease in the AZ III signal in that stretched to 4 µm. These results suggest that Ca release from s.r, evoked by single stimulation is decreased by muscle stretch. The degree of twitch potentiation is also sarcomere lengthdependent (LOPEZ et al., 1981) also suggested that the Ca-releasing site may be less sensitive to N03~ at a highly stretched state. Secondly, injected AZ III diffuses out and its concentration is decreased during repeated measurements. Therefore, the signal amplitude would be larger if AZ III concentration were kept unchanged. A simple calculation is possible supposing that the amplitude of the AZ III signal is in linear relation to the concentration of AZ III-Ca complex within a small range examined here, and the AZ III-Ca complex is proportional to free Cat + concentration. The stoichiometry of the AZ III-Ca complex formation is taken to be 2: 1 (PALADE and VERGARA, 1983 ) and the rate constant of the complex formation is not affected by extracellularly applied N03-. As is shown in Fig. 2E , for example, the amplitude of the AZ III signal decreases to 0.68 of the control ( Fig. 2A) in 12 min, which is equivalent to a decrease in AZ III concentration to 0.82 of the control. Assuming that the average AZ III concentration during measurements in NO3 solution (Fig. 2B, C) is 0.9-0.95 of that in control, a 1.3 x increase in signal amplitude in NO3 solution corresponds to a 1.4-1.6-fold increase in free Ca2+ concentration. On the other hand, the aequorin signal is proportional to free Ca2+ concentration to 2.5 power (BLINKS et al., 1978) , so the 5-fold increase in the aequorin signal corresponds to a 1.9-fold increase in free Ca2+ concentration. When these factors are taken into consideration, there will be little difference between our results and those of Lopez et al.
The amplitude of the AZ III signal was increased by 50 % by adding 40 ,uM ZnCl2. This is also quantitatively different from the results of LoPEZ et al. (1981) who showed a 5-fold increase of the aequorin signal in 50 µM Zn solution. The same explanations, however, as described above, are applied to the difference of the extent of increase in peak signal between the results of Lopez et al. and the present one.
The amplitude of the AZ III signal is increased by 10-40 ° in 0.9 mM caffeine solution. KovAcs and SZUCS (1983) reported that the antipyrylazo III signal evoked by controlled long depolarizing pulse caused 2-fold increase in 0.5 mM caffeine solution. LoPEZ et al. (1981) also reported that 1 mM caffeine increased the aequorin signal. The present results are qualitatively the same as the previous two.
Falling phase of the AZ III signal and twitch potentiators. The decay time constant of the AZ III signal was 30.1 +3.8 msec (S.D., n=7) obtained in the standard Ringer solution at 19-21°C. MILEDI et al. (1982) showed the decay time constant of 71 msec at 10°C and explained that the falling phase of the AZ III signal was mainly determined by the rate of Ca uptake into s.r. WEBER and HERZ (1968) have shown that caffeine inhibits Ca re-uptake by the fragmented s.r. According to KOVACS and SzUcs (1983) , the falling phase in the antipyrylazo III signal evoked by the controlled long depolarization pulse was prolonged in caffeine solution. In the present study, the marked prolongation of the falling phase is observed in caffeine solution and it may be related, at least in part, to the inhibition of Ca uptake. It is, however, doubtful whether caffeine at lower concentration affects the Ca uptake by s.r. In the present experiment, caffeine concentration was low and the membrane depolarization was not controlled. So, it is not possible to estimate to what extent the inhibitory action of caffeine on Ca uptake contributes to the prolongation of the AZ III signal.
The falling phase will be modified if the Ca release from the s.r. is long-lasting.
In N03 solution, the afterpotential is enhanced and prolonged (HUTTER and PADSHA, 1959; MASHIMA and MATSUMURA, 1962) . Therefore, it is plausible that the slow and gradual Ca release following afterpotential is superimposed on the initial bursting release following spike potential. Since myoplasmic Ca concentration is the balance of Ca release and Ca uptake, the slow Ca release will delay the falling phase of the AZ III signals. In Zn solution, action potential duration is prolonged (MASHIMA and WASHIO, 1964) . Prolongation in Ca release from the s.r. following prolonged action potential will delay the falling phase of the AZ III signals. In many measurements in N03 and Zn solutions, the signal shows a short plateau and deviates from the exponential decay, as shown in Figs. 2-4 . These results suggest that the enhanced afterpotential or prolonged action potential will modify the falling phase of the AZ III signals.
A more important problem regarding the kinetics of binding Ca with AZ III resides in the interrelationship among AZ III and Ca-binding proteins such as troponin and parvalbumin. Ca ions released from s.r. following action potential are bound to AZ III and produce the AZ III signal and at the same time are bound with troponin and parvalbumin, after which they are taken up into s.r. Therefore, the falling phase of the AZ III signal is dependent on the concentration of Cabinding protein. Moreover, the falling phase of the signal will be affected by the concentration of AZ III. According to , the time constant of the falling phase measured by antipyrylazo III is linearly proportional to the square of the dye concentration. As is discussed above, the diffusion of AZ III during measurement in N03 solution should be considered, and the falling phase are much prolonged if the dye concentration is kept constant. The falling phase is also dependent on myoplasmic Ca2+ in addition to AZ III concentration. The free Ca2+ concentration following a single action potential is 3-4 tiM, and at high Ca2 + concentration under the action of potentiators both parvalbumin and troponin will be saturated by Ca2+ (BAYLOR et al., 1983) . Therefore, when Ca release is augmented, Ca2+ which would be buffered by proteins is bound to AZ III and the formation of the AZ III-Ca complex will be increased. The falling phase of the AZ III signal is delayed if the buffering capacity of AZ III relative to the proteins is increased. In summary, the falling phase will be determined by AZ III concentration and myoplasmic free Ca2+ concentration as well as the concentration of Ca binding protein, in addition to the duration of Ca release and rate of Ca uptake by s.r.
Effects of repetitive stimulation. The AZ III signal is increased in amplitude and is slowed in decaying by the repetitive stimulation at 30/sec. If the amplitude responding to each stimulus is measured, the second and the subsequent signals are decreased. These results are consistent with those of MILEDI et al. (1983) and can be explained as decrease of Ca permeability in the s.r. membrane (BAYLOR et al., 1983) . The falling phase is also delayed after repetitive stimulation. The nature of prolongation is explained by the increase in the myoplasmic The author thanks Professor Moto Matsumura for his helpful discussion. The research was supported in part by a Grant-in-Aid for Encouragement of Young Scientists (57770085) and a Grant-in-Aid for Scientific Research (457047) to Prof. M. Matsumura from the Ministry of Education, Science and Culture of Japan. Thanks are also due to Ms. C. Ikegami for her preparation of the manuscript.
